No controlled studies have been conducted to determine the predilection muscles of Trichinella zimbabwensis larvae in Nile crocodiles (Crocodylus niloticus) or the influence of infection intensity on the distribution of the larvae in crocodiles. The distribution of larvae in muscles of naturally infected Nile crocodiles and experimentally infected caimans (Caiman crocodilus) and varans (Varanus exanthematicus) have been reported in literature. To determine the distribution patterns of T. zimbabwensis larvae and predilection muscles, 15 crocodiles were randomly divided into three cohorts of five animals each, representing high infection (642 larvae/kg of bodyweight average), medium infection (414 larvae/kg of bodyweight average) and low infection (134 larvae/kg of bodyweight average) cohorts. In the high infection cohort, high percentages of larvae were observed in the triceps muscles (26%) and hind limb muscles (13%). In the medium infection cohort, high percentages of larvae were found in the triceps muscles (50%), sternomastoid (18%) and hind limb muscles (13%). In the low infection cohort, larvae were mainly found in the intercostal muscles (36%), longissimus complex (27%), forelimb muscles (20%) and hind limb muscles (10%). Predilection muscles in the high and medium infection cohorts were similar to those reported in naturally infected crocodiles despite changes in infection intensity. The high infection cohort had significantly higher numbers of larvae in the sternomastoid, triceps, intercostal, longissimus complex, external tibial flexor, longissimus caudalis and caudal femoral muscles (p < 0.05) compared with the medium infection cohort. In comparison with the low infection cohort, the high infection cohort harboured significantly higher numbers of larvae in all muscles (p < 0.05) except for the tongue. The high infection cohort harboured significantly higher numbers of larvae (p < 0.05) in the sternomastoid, triceps, intercostal, longissimus complex, external tibial flexor, longissimus caudalis and caudal femoral muscles compared with naturally infected crocodiles. Results from this study show that, in Nile crocodiles, larvae of T. zimbabwensis appear first to invade predilection muscles closest to their release site in the small intestine before occupying those muscles situated further away. The recommendation for the use of masseter, pterygoid and intercostal muscles as sampling sites for the detection of T. zimbabwensis in crocodiles is in contrast to the results from this study, where the fore-and hind limb muscles had the highest number of larvae. This study also supports the use of biopsy sampling from the dorso-lateral regions of the tail for surveillance purposes in both wild and commercial crocodile populations.
Introduction
Knowing the predilection muscles of Trichinella spp. larvae in different hosts is important in order to improve the detection of the parasite in animal hosts, especially those with low levels of infection (Kapel, Webster & Gamble 2005) . Artificial digestion is the only diagnostic method currently approved for the detection of Trichinella spp. in sylvatic animals (European Commission 2005) . Gottstein, Pozio and Nöckler (2009) emphasised the importance of sensitivity of the test as animal hosts do not develop observable clinical symptoms and factors such as sample size and sampling site influence the test sensitivity.
Several studies have been conducted to determine predilection sites of different Trichinella spp. in various hosts (Kapel et al. 1994 (Kapel et al. , 1995 (Kapel et al. , 2005 Kociecka, Van Knapen & Ruitenberg 1980; Reina, Muñoz-Ojeda & Serrano 1996; Serrano & Pérez-Martín 1999) . These studies have led to recommendations on the type of muscle to sample, the quantity and the appropriate method(s) for detection in several animal hosts (Gottstein et al. 2009 ). Studies have shown that the predilection sites of Trichinella spp. are influenced by several factors, including differences between species (Kapel et al. 2005; Wright et al. 1989) , initial levels of infection (Serrano & Pérez-Martín 1999) and host characteristics (Hurnikova et al. 2004; Kapel et al. 1995; Kapel et al. 2005; Reina et al. 1996; Soule et al. 1989) . The distribution of larvae in several muscles of naturally infected crocodiles, experimentally infected caimans (Caiman crocodilus) and varans (Varanus exanthematicus) has been reported previously (La Grange, Govender & Mukaratirwa 2013; Pozio et al. 2004) . No controlled studies have been conducted to determine predilection muscles in Nile crocodiles and the influence of infection intensity on the distribution of Trichinella zimbabwensis larvae in crocodiles.
Current testing protocols for the detection of Trichinella larvae in muscles for export of crocodile meat in South Africa require that samples be collected from the anterior limbs of the slaughtered animals, in contrast to the European Commission Regulation 2075 (European Commission 2005 , which recommends sampling from the masseter, pterygoid or intercostal muscles in crocodiles.
The objective of this study was to determine the distribution patterns and predilection sites of T. zimbabwensis larvae in experimentally infected Nile crocodiles and the influence of intensity of infection.
Materials and methods

Study animals
Fifteen 7-year-old Nile crocodiles (13 males and two females) within the size range of 1.35 m -1.80 m in length were used in the study. The crocodiles consisted of a group of animals not intended for commercial purposes and were sourced from a commercially farmed population. The study animals were housed on a smallholding belonging to the Mpumalanga Tourism and Parks Agency (MTPA) on the outskirts of Mbombela (Nelspruit), Mpumalanga province, South Africa. A fenced enclosure (10 m x 5 m) was constructed using 65 mm diamond mesh fencing with a single access gate. Gallamine triethiodide (Kyron) (40 mg/mL) was used to immobilise the animals at a dose of 0.4 mL/animal injected intramuscularly on the lateral aspect of the tail base before being transported to the experimental housing.
The experiment was carried out from January 2012 to March 2012, when climatic conditions ensured good feeding and optimal physical condition of the animals. Each animal was identified by clipping the horizontal scutes on the tail. The animals were randomly divided into three equal cohorts of five animals each to form high infection, medium infection and low infection cohorts. For the high infection cohort, both the left and right scutes were clipped in sequence according to the number assigned to the animal; for the low and medium infection cohorts only the scutes on the left and right were clipped respectively. Animal husbandry and feeding practices for the study animals were followed as described by the South African National Standard for crocodiles in captivity SANS 631:2009 (SABS Standards Division 2009). Pre-experimental data collected from the animals included weight, sex and length of the animals.
The enclosure allowed for a temperature gradient in the water to provide for optimal thermoregulation. The pond was drained weekly and replenished with fresh water during capture and sampling.
Source and preparation of infective material
Trichinella zimbabwensis-infected meat was sourced from a crocodile experimentally infected with T. zimbabwensis. Muscle tissue was collected from various sites, minced and thoroughly mixed by hand (in protective clothing) using a ladle. An amount of 100 g of the homogenised sample was subjected to artificial digestion (Nöckler & Kapel 2007) and larvae counted under a dissecting microscope (40 x magnification) using a gridded petri dish (European Commission 2005) . Infection level was determined to be 30 larvae per gram (lpg) of the homogenised sample. Infective material for each individual animal was calculated and separately packaged and refrigerated at 4 °C until the day of infection. All of the crocodiles were infected with the same batch of infective material.
Infection of study animals
The high infection crocodile cohort were infected with 10 000 larvae (average 642 larvae/kg of bodyweight or 333 g of infective material), the medium infection cohort with 5000 larvae (average 414 larvae/kg of bodyweight or 167 g of infective material) and the low infection cohort with 2000 larvae (average 134 larvae/kg of bodyweight or 67 g of infective material) following infective dose in reptiles as reported by Pozio et al. (2004) .
The animals were monitored continuously for side-effects or regurgitation of infective material for at least 30 min, following infection.
Biopsy sampling
Muscle biopsies were collected from the dorso-lateral aspects of the tail base on day 28 post-infection (p.i.) in all cohorts. Prior to biopsy, a muscle relaxant, gallamine triethiodide (40 mg/mL) (Kyron) was administered intramuscularly at a dose of 0.4 mL to each animal. A local anaesthetic, lignocaine (Kyron) was administered around the biopsy site. A minimum of 10 g of muscle tissue was removed with a scalpel and forceps, taking care not to collect tissue from the deeper musculature. The samples were refrigerated at 4 °C until testing. The biopsy wound was closed by pressing the flap of skin back into its original position over the wound and held in place with sutures. A dose of 0.1 mIU/kg penicillin was administered intramuscularly (Huchzermeyer 2003) to prevent wound infections.
Euthanasia of infected animals and postmortem sampling
Animals from each cohort were euthanised on day 60 p.i. following procedures outlined by Beaver et al. (2001) . Carcasses were skinned and approximately 50 g of muscle samples were collected from the base of the tongue, external pterygoid, sternomastoid, triceps brachii, longissimus complex, intercostal pillars, longissimus caudalis and caudal femoral muscles or muscle group of each animal using diagrams of the musculature as presented by Richardson, Webb and Manolis (2002) . In addition to the above, 10 g samples were collected from the superficial, lateral aspects of the longissimus complex and ilioischial muscles of the tail to mimic biopsy samples in live animals. All samples were placed in leakproof containers and refrigerated at 4 °C until tested for the presence of T. zimbabwensis larvae.
Artificial digestion
Pooled samples representing individual animals were prepared by collecting 10 g of muscle tissue from all of the individual muscles (tongue, pterygoid, sternomastoid, triceps, intercostal, longissimus complex, external tibial flexor, longissimus caudalis and caudal femoral) and combining them in a single sample of 90 g. For individual muscle digestion, 25 g of tissue was used from each muscle and 10 g of muscle tissue were used to mimic biopsies. Samples were digested artificially according to Nöckler and Kapel (2007) .
Data analysis
Data obtained from naturally infected crocodiles were included in the analyses and compared with data from this study. Data were normalised [log 10 (x+1)] and one of the naturally infected animals that had an unusually high level of infection compared with other naturally infected animals reported by La was removed from the analysis.
Muscles were grouped together to represent the cranial, abdominal and caudal muscle regions of crocodiles. The cranial group of muscles included the tongue, pterygoid and sternomastoid. The abdominal muscle group consisted of the triceps, intercostals, longissimus complex and tibial flexor muscles. The caudal muscle group was represented by the longissimus caudalis and caudal femoral muscles, including the biopsy samples. The mean infection intensity of the muscles in each of these three regions was calculated for each infection cohort and expressed as a percentage of the combined mean of all three regions.
The mean larval burdens were compared using analysis of variance (IBM SPSS Statistics 19) to determine the differences within the muscles of each cohort. A t-test was used to compare larval burdens between the superficial and deep musculature of the tail and between the dorsal and ventral biopsy samples. Significance level was set at p < 0.05.
Results
The mean lpg in pooled samples for the high, medium and low infection cohorts was 5.18, 0.37 and 0.02 respectively (see Table 1 ). The lpg in pooled samples was comparable with that from naturally infected crocodiles, although lower than that of the high infection cohort but higher than that of the medium and low infection cohorts of this study. A high mean lpg was also observed in all of the individual muscles of the high infection cohort when compared with natural infections. The mean lpg was also greater in the sternomastoid, triceps, longissimus complex and external tibial flexor muscles of the medium infection cohort when compared with natural infections. In the low infection cohort, muscle larvae established in very low numbers (< 0.04 lpg) in all five of the individuals and in one animal only a single larva was detected in the pooled sample. The highest percentage of larvae in the four remaining animals was found in the intercostal (36%), longissimus complex (27%), forelimb (20%) and hind limb (10%) regions with the highest percentage of larvae occupying the intercostal and longissimus complex muscles. In the medium infection cohort all of the muscle regions tested were infected but the higher percentage of larvae was found in the triceps muscles (50%), sternomastoid (18%) and hind limbs (13%). A more even distribution of larvae was noted in the high infection cohort, with triceps muscles (26%) and hind limbs (13%) harbouring the most larvae. In naturally infected crocodiles the triceps muscles harboured 17% of all larvae with most of the remaining larvae spread more evenly amongst the pterygoid (12%), superficial longissimus caudalis (12%), external tibial flexor (10%), intercostal (10%), ilioischial (10%) and deep longissimus caudalis (9%). The high infection cohort had significantly higher numbers of larvae in the sternomastoid (p = 0. The abdominal muscle groups harboured the highest number of larvae in all of the cohorts and revealed less variation in the distribution of larvae between the caudal and cranial muscle groups (see Table 2 ). Significantly higher numbers of larvae were found in the cranial muscle group of crocodiles in the high infection cohort compared with medium infection (p = 0.001), low infection (p < 0.001) and naturally infected (p < 0.001) crocodiles. The high infection cohort also showed significantly higher numbers of larvae in the abdominal muscle groups compared with medium infection (p < 0.001), low infection (p < 0.001) and naturally infected (p < 0.001) crocodiles and in the caudal muscle groups compared with medium infection (p < 0.001), low infection (p < 0.001) and naturally infected (p < 0.001) crocodiles. No significant differences in larval burdens were observed in any of the muscle groups between any of the other cohorts. In the high and medium infection cohorts, the abdominal regions harboured 56% and 59% of larvae respectively, followed by the cranial (21% and 28% respectively) and caudal (23% and 13% respectively) muscle groups. In the low infection cohort, the abdominal muscle group harboured 82% of all larvae, with the remaining larvae almost equally spread between the caudal (10%) and cranial (8%) muscle groups. The naturally infected crocodiles showed very little difference in distribution of larvae between the three muscle groups, as 38% of larvae were found in the abdominal, 33% in the caudal and 29% in the cranial muscle groups.
Artificial digestion and examination of the biopsy samples collected on day 28 p.i. showed no larvae in any of the three cohorts. However, biopsy samples collected on day 60 p.i. were positive for T. zimbabwensis larvae (see Table 3 ). Differences observed in larval distribution between the superficial and deep musculature of the tail were not significant, although the dorsal biopsy samples in all the cohorts harboured slightly more larvae (1.25 lpg) on average than the deeper musculature (0.88 lpg). Conversely, the biopsy samples collected from the ventral muscles harboured a smaller average number of larvae (0.78 lpg) than the deeper musculature (1.21 lpg). Mean larval burdens in tail musculature for individual cohorts are shown in Table 3 . 
Ethical considerations
Ethical approval for the study was obtained through the Animal Ethics Research Committee of the University of KwaZulu-Natal (reference number 035/12/Animal). Where applicable, ARRIVE guidelines for reporting in vivo animal experiments (Kilkenny et al. 2010) have been adhered to.
Discussion
In this study, crocodiles that received a lower number of larvae relative to their bodyweight showed higher infection intensity after 60 days p.i. in the high infection cohort. Similar results were reported by Hurnikova et al. (2004) in a study involving Red foxes (Vulpes vulpes) experimentally infected with T. zimbabwensis but the observed difference, in contrast to results from this study, was not significant. The high numbers of larvae observed in the triceps, intercostal and external tibial flexor muscles of the crocodiles do not support the findings observed in experimentally infected caimans (C. crocodilus) and varans (V. exanthematicus) where the tongue harboured the highest number of larvae (Pozio et al. 2004) . However, the importance of the muscles of the fore-and hind limbs in sylvatic carnivores as reported by Kapel et al. (1994) and Kapel et al. (1995) is in agreement with findings from this study. It appears that predilection sites of T. zimbabwensis in Nile crocodiles are not influenced by the locomotive potential of muscles as seen in foxes (Kapel et al. 1994; Kapel et al. 1995) since in crocodiles the limbs are rarely associated with the high frequency and intensive locomotive behaviour seen in land-based animals. Crocodiles generally travel only short distances on land at slow speed and mainly use their large tail muscles to swim and propel themselves when acquiring prey (Richardson et al. 2002) . Thus, in crocodiles the notion that the most active muscles are the most parasitised seems not to apply (Reina et al. 1996) . However, the locomotive behaviour of crocodiles when submerged at the bottom of rivers and lakes has not been studied intensively and their leg musculature may play a more significant role under such circumstances than is currently known. Additionally, the leg musculature may be more oxygenated compared with other muscle groups, which could also explain the parasite's tendency for predilection for these muscles (Serrano et al. 1999 ).
The results from this study showed the triceps muscle to harbour the most larvae in natural (17%), medium (50%) and high infection (26%) groups. In the low infection cohort, the intercostal muscles harboured the most larvae (40%). Deviations in predilection patterns between different levels of infection were also noted in similar studies in mammals (Gamble, Gajadhar & Solomon 1996; Serrano & Pérez-Martín 1999) . The results show that larvae primarily establish in those muscles in close proximity to the abdominal muscle region and disperse in relatively equal numbers to the cranial and caudal muscle regions, further away from their initial release site in the small intestine, as infection levels are increased. The dispersion to and subsequent increase of larval numbers in the cranial and caudal muscle regions appear to be correlated with a simultaneous and proportional decrease of larvae in the abdominal muscle region, eventually leading to an approximately equal distribution in all three muscle regions. This phenomenon cannot be explained and requires further investigation. Individually, however, the muscles favoured by the larvae as predilection sites retain their proportionally higher numbers of larvae. This is consistent with the hypothesis that larvae of Trichinella will primarily seek out predilection muscles in cases of low infection and will invade alternative muscle groups that are available as the infection intensity is increased (Wright et al. 1989) . However, this does not explain the relatively more uniform regional distribution of larvae observed in naturally infected crocodiles compared with crocodiles of the high infection cohort. This phenomenon may be the result of secondary and subsequent recurring infections of crocodiles in the wild. Importantly, the groups of crocodiles with naturally acquired infections comprised individuals with large variations in size that were for the most part much larger and therefore much older than those used in the experimental cohorts. The naturally infected crocodiles additionally were derived from various habitats in the Kruger National Park. It is known that host factors such as hormone levels and the age of the animal as well as environmental factors such as temperature and season may also impact on the immune response of crocodiles (Brown et al. 2001; Ludovisi et al. 2013) . The potential for variation in individual immunological status of naturally infected crocodiles could therefore also influence the distribution patterns of larvae in these animals.
In experimental studies involving T. spiralis and T. pseudospiralis in monkeys, larvae were detected in biopsy samples from day twelve and day 24 respectively (Kociecka et al. 1980) . In goats infected with T. spiralis, muscle larvae were detected from day 20 p.i. (Reina et al. 1996) and from day 21 in heavily infected horses (Soule et al. 1989) . In this study biopsy, samples from all three experimental cohorts collected on day 28 p.i. tested negative for T. zimbabwensis larvae but larvae were detected in biopsy samples collected on day 60 p.i. These differences between crocodiles and mammals cannot be accurately explained at this stage; however, studies in caimans and varans experimentally infected with T. zimbabwensis and T. papuae showed that muscle tissue damage occurred more rapidly in mammals than in reptiles and suggested that the host physiology could play a role in this (Pozio et al. 2004) . Results from this study appear to support this hypothesis, especially considering that the metabolic rate of a crocodile is far lower than that of a human of similar mass (Huchzermeyer 2003) . The study by Pozio et al. (2004) showed that larvae of T. zimbabwensis had a longer growth period and subsequently developed to a larger size in reptilian hosts than in mammals. This longer growth period was hypothesised to cause a delay in larvae establishing in muscle tissue (Pozio et al. 2004) .
In mammals, the establishment of larvae can also be influenced by infection intensity; larvae tend to establish earlier in high infections than in low infections (Soule et al. 1989) . Kociecka et al. (1980) also demonstrated that the rate of larval establishment varied between different species of Trichinella.
Conclusion
Trichinella zimbabwensis larvae successfully established in the muscles of all the experimentally infected animals in this study. Results from the high infection cohort are in agreement with findings in experimentally infected Red foxes (V. vulpes) (Hurnikova et al. 2004) , where larger infection doses correspond with a lower infection intensity. It is not clear whether the decrease in parasite numbers is purely a host strategy aimed at survival or whether the parasite itself is in some way responsible for the decrease of its own numbers to ensure preservation of the host. Despite habitat and physiological differences between crocodiles and land-based mammals, results from this study support the importance of leg musculature as a predilection site for Trichinella spp. in sylvatic carnivores (Kapel et al. 1995) . Although crocodiles appear to use their limbs less frequently and intensively compared with land-based mammals, more research is required to elucidate the use of their limbs when submerged at the bottom of rivers and lakes.
Furthermore, results from this study show that, in Nile crocodiles, larvae of T. zimbabwensis appear first to invade predilection muscles closest to their release site in the small intestine before occupying those muscles situated further away. This is in agreement with the hypothesis of Wright et al. (1989) that the larvae of Trichinella spp. would establish first in predilection muscles before occupying other available muscles. Studies involving additional experimental animals should be conducted to further investigate this hypothesis and to establish the influence of challenge infections on the distribution patterns of these larvae.
In Nile crocodiles, based on this study, the tongue does not appear to be a predilection site for T. zimbabwensis larvae as is the case in varans and caimans (Pozio et al. 2004) . The difference in predilection muscles observed between caimans (Pozio et al. 2004) and Nile crocodiles in this study further supports the importance of host characteristics as a determinant for predilection (Hurnikova et al. 2004; Kapel et al. 1995; Kapel et al. 2005; Reina et al. 1996; Soule et al. 1989) . Additional factors that may impact the immunological response of crocodiles, such as temperature, season, age of the animal and hormone levels (Brown et al. 2001; Ludovisi et al. 2013) , may also have led to variations in larval distribution patterns as observed between caimans (Pozio et al. 2004 ) and crocodiles in this study.
The recommendation for the use of masseter, pterygoid and intercostal muscles as sampling sites for the detection of T. zimbabwensis in crocodiles (European Commission 2005) is contrary to the results from this study, where the fore-and hind limb muscles had the highest number of larvae. In this study, biopsy samples from all three experimental cohorts collected on day 28 p.i. tested negative for T. zimbabwensis larvae, which were detected subsequently in biopsy samples collected on day 60 p.i.
These results support the hypothesis that larvae of T. zimbabwensis might undergo a longer period of growth in reptilian hosts, resulting in delayed establishment in the muscles (Pozio et al. 2004) . Results from this study support the use of biopsy sampling from the dorso-lateral regions of the tail for surveillance purposes in both wild and commercial crocodile populations (La ).
